If the electroweak symmetry-breaking sector becomes strongly interacting at high energies, it can be probed through longitudinal W scattering. We present a model with many inelastic channels in the W L W L scattering process, corresponding to the production of heavy fermion pairs. These heavy fermions affect the elastic scattering of W L 's by propagating in loops, greatly reducing the amplitudes in some charge channels. We conclude that the symmetry-breaking sector cannot be fully explored by using, for example, the W ± L W ± L mode alone, even when no resonance is present; all W L W L → W L W L scattering modes must be measured.
Introduction
One of the major goals of the SSC is to explore the physics which spontaneously breaks the electroweak symmetry of the standard model. This symmetry breaking gives rise to Goldstone bosons, which become the longitudinal components W L of the massive vector gauge bosons. (We use W to denote either the W ± or Z 0 boson.) Consequently, the symmetry-breaking sector can be directly probed by scattering longitudinal W 's.
At energies s ≫ M 2 W , the W L W L scattering amplitudes, by virtue of the equivalence theorem, become approximately equal to the scattering amplitudes of the Goldstone bosons of the broken symmetry [1] [2] [3] . If we assume the existence of a custodial SU(2) symmetry, the pattern of symmetry breaking is SU(2) L ×SU(2) R → SU(2) V and the Goldstone boson scattering amplitudes are given by
(t, s, u) + A(u, t, s).
(1.1)
In an energy expansion of the amplitudes, the lowest-order term is uniquely determined to be
where f = 250 GeV is the scale of symmetry-breaking.
Higher-order terms in the energy expansion of the amplitude (1. [4] . In particular,
L is a favorite candidate for observing these new strong interactions because the standard model background for this mode is small [5] .
This prediction of strong W L W L scattering in the absence of a light resonance is called the "no-lose theorem."
In this paper, we explore the possibility that there are inelastic channels in the W L W L scattering process [6, 7] , and the implications of these inelastic processes for the no-lose theorem. In this scenario, the W L 's would scatter not only into a W L W L final state but also into other final states. Even if the production of these other particles is not directly observed, they would affect the elastic scattering of W L 's by propagating in loops. These loops necessarily contribute to the imaginary part of the elastic scattering amplitude, which is related by the optical theorem to the total cross-section. The loops also contribute to the real part of the elastic amplitude, interfering with the Born contribution.
If the number of inelastic channels is large, these loop effects will be strong, and may significantly reduce the signal in some charge channels, e.g. the W ± L W ± L channels, making it difficult to observe. To exemplify this possibility, we examine in this paper a model in which the inelastic channels take the form of heavy fermions, which are pair-produced in W L W L scattering. Unlike the case of a Higgs boson, production of these particles will not produce resonances in the elastic W L W L scattering amplitudes. They alter the amplitudes through loop effects, however, and lead to behavior markedly differently from the low-energy result (1.2) at scales above the threshold for fermion pair production but below 1 TeV. (New physics must enter at around 1 TeV, because the amplitudes violate unitarity not far above this scale.) The lesson is that to be certain of detecting the symmetry-breaking sector it will be necessary to measure scattering in all the final state W L W L modes.
The Large-N Fermion Model
The scattering of longitudinal W bosons can be studied within the framework of a nonlinear sigma model. This is a minimalist approach because the model contains only the Goldstone bosons π of the spontaneously broken symmetry, parametrized by the matrix
where τ a are the Pauli matrices. By the equivalence theorem, the Goldstone bosons π correspond to the longitudinal degrees of freedom W L of the vector gauge bosons.
To study the effects of inelastic channels in W L W L scattering, we couple the Goldstone bosons to N degenerate fermion doublets ψ j with mass m = gv. The effects of these fermions will be most important when the Yukawa coupling g is large.
To capture this, we will not calculate the amplitudes perturbatively in g, but rather in a 1/N expansion. The results will be valid for arbitrary Yukawa coupling g, i.e., for all values of the fermion mass m. (Were we to calculate perturbatively in the Yukawa coupling, the real part of the loop correction would contribute through interference with the tree-level amplitude, but the imaginary part would be higher order. In the large-N approach, the imaginary part of the loop correction contributes in leading order, and will be important above the threshold for production of fermions.)
The Lagrangian for our model [7] is
The Feynman rules are obtained by expanding Σ in terms of the Goldstone fields π 0 a . The first term in the Lagrangian (2.2) yields vertices involving only Goldstone bosons:
The last term in eq. (2.2) yields fermion-Goldstone boson vertices:
We will use these vertices to compute Green functions to leading order in 1/N, holding the parameters g 0 and v 0 fixed as N → ∞.
The Lagrangian (2.2) is not the most general one with global SU(2) L × SU(2) R chiral symmetry; we have omitted a possible derivative coupling of the form
We also have not included any four-derivative terms involving Σ. To leading order in 1/N, no such terms are needed to absorb divergences; all divergences due to fermion loops can be absorbed into the bare parameters in (2.2).
To leading order in 1/N, the only corrections to the Green functions come from fermion loops. There are no leading order corrections to the fermion self energy, so the inverse fermion propagator remains that of a free field,
with mass
There is no fermion wavefunction renormalization to leading order in 1/N.
Fermion loops contribute a divergence to the Goldstone boson self energy.
Regularizing the fermion loop integral in d = (4 − ǫ) dimensions, we find
where n(ǫ) = 1 + 
is chosen to be 9) so that the renormalized Goldstone propagator has unit on-shell residue dΓ (2) πaπ b dp 2
We can rewrite eq. (2.9) as we obtain the renormalized amplitude
where the functions F 2 (s) and F 4 (s, t) are defined by
(2.13)
The integral F 2 (s) is given by 14) and the integral F 4 (s, t) can be written [8] in terms of Spence functions as
where 16) and σ s denotes the sign of s.
Now we fix N to a finite value, the number of fermion doublets in the model.
Then we set the scale v equal to f / √ N , where f = 250 GeV is the scale of symmetry breaking, to obtain where the isospin amplitudes T (I) are given by
The model we have just presented depends on only two parameters: the number of degenerate fermion doublets N and the fermion mass m. In sect. 3, we will examine the behavior of this model in the heavy fermion limit. In sect. 4, we will consider the model with a large number of somewhat lighter fermions (m ∼ 250 GeV), in order to study the effect of inelastic channels on elastic W L W L scattering in the TeV region.
The heavy fermion limit
In this section, we will examine the effect of very heavy fermions on elastic The effect of taking the fermion mass even larger can be seen by noting that the amplitude (2.17) has a well defined limit as m → ∞, namely
The fermions do not completely decouple as their mass increases, but leave behind mass-independent contributions of O(s 2 ). The partial waves of the amplitudes in this infinite mass limit (with N = 3) are shown in fig. 1 by the dot-dashed lines.
The O(s 2 ) contributions to the scattering amplitudes (3.1) correspond to four-derivative terms in the low-energy effective Lagrangian [9, 10] 
Very heavy fermions induce four-derivative terms with coefficients [11, 12] 
These four-derivative terms are a linear combination of those induced by an isoscalar spin-zero resonance and those induced by an isovector spin-one resonance [11, 13] .
A heavy scalar particle with mass m S and width Γ S = 3g 2 m 3 S /32πf 2 induces four-derivative terms with coefficients 
Inelastic channels in W L W L scattering
The primary goal of this paper is to examine the effect of inelastic channels on elastic W L W L scattering. In sect. 2, we presented a model containing additional species of heavy fermions, which can be produced in W L W L scattering. The W L W L scattering only becomes inelastic above the threshold for fermion pair production, however, so we do not want the fermions to be too heavy. In this section, we will choose the fermion mass to be m = 250 GeV so that W L W L scattering in this model will be inelastic in an energy range accessible to the SSC ( √ S = 40 TeV).
The greater the number of additional fermion species, the more pronounced will be their effect on elastic W L W L scattering. There is an experimental constraint on the number N of additional fermion doublets, however, due to their contribution to ∆r [14] , or equivalently, to the S parameter [15] . For N degenerate heavy fermion doublets, the shift in ∆r is
where θ W is the weak mixing angle defined in the (α, G F , M Z ) scheme. Equivalently, the shift in the S parameter is [16] 
The bounds ∆r < ∼ 0.015 or S < ∼ 1 require N < ∼ 16. In this section, we will choose N = 15, corresponding to 5 additional generations of degenerate quark doublets, due to the color degeneracy.
In fig. 2 , we show the non-vanishing J = 0 and J = 1 partial waves of the elastic The event rates for scattering processes at the SSC are obtained by folding these constituent cross-sections with the parton luminosities. Our purpose here is not to study the phenomenology of the heavy fermion model in detail, but to illustrate the differences between this model and the low-energy model [18] . In fig. 4 , we show the production rates of longitudinal W pairs in one SSC year (with fig. 4 , the branching ratio of the W boson decay has not been included. Each decay product of the W 's is required to have a minimum transverse momentum of 20 GeV within rapidity ±2.5. The event rate is calculated using the effective-W approximation.
The parton distribution function used is the leading order set, Fit SL, of Morfin and Tung [19] . The scale used in evaluating the parton distribution function in conjunction with the effective-W method is M W .
As seen from fig. 2 , the a 0 0 partial wave of the heavy fermion model does not differ significantly from that of the low-energy model up to the scale (∼ 1.5
TeV) at which they both violate unitarity. Beyond 1.5 TeV, |a 0 0 | exceeds 1, at which point new physics must enter to unitarize the physical amplitudes. In the literature, various methods, such as saturating or unitarizing the partial waves, have been used to suggest what might happen when the partial waves of the lowenergy model violate perturbative unitarity. Using these methods, we expect the a 0 0 partial waves to have roughly the same behavior in both the heavy fermion model and the low-energy model. However, the a 1 1 and a 2 0 partial waves in the heavy fermion model remain small relative to those in the low-energy model. This
L event rates predicted by this model will always be much smaller than the corresponding event rates in the low-energy model.
Concluding Remarks
In this paper, we have examined the effects of inelastic channels in the W L W L scattering process in one specific model. In this model, containing heavy fermion doublets, the rate of elastic W L W L scattering at energies above the threshold for fermion pair production differs significantly from the low-energy result. In particular, we found a large suppression of the W 
